Mitochondrial structure and function are influenced by the unique phospholipid composition of its membranes. While mitochondria contain all the major classes of phospholipids, recent studies have highlighted specific roles of the nonbilayer-forming phospholipids phosphatidylethanolamine (PE) and cardiolipin (CL) in the assembly and activity of mitochondrial respiratory chain (MRC) complexes. The nonbilayer phospholipids are cone-shaped molecules that introduce curvature stress in the bilayer membrane and have been shown to impact mitochondrial fusion and fission. In addition to their overlapping roles in these mitochondrial processes, each nonbilayer phospholipid also plays a unique role in mitochondrial function; for example, CL is specifically required for MRC supercomplex formation. Recent discoveries of mitochondrial PE-and CL-trafficking proteins and prior knowledge of their biosynthetic pathways have provided targets for precisely manipulating nonbilayer phospholipid levels in the mitochondrial membranes in vivo. Thus, the genetic mutants of these pathways could be valuable tools in illuminating molecular functions and biophysical properties of nonbilayer phospholipids in driving mitochondrial bioenergetics and dynamics.
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Keywords: cardiolipin; mitochondria; phosphatidylethanolamine Biological membranes enclosing cells and organelles not only act as a physical barrier from the surrounding environment but also define their contents and provide a matrix for many essential biochemical reactions and physiological processes. For example, the mitochondrial inner membrane not only provides the ion impermeable barrier necessary for oxidative phosphorylation but also harbors respiratory chain complexes that catalyze redox reactions to power energy production. Different subcellular membranes are defined by their unique protein and lipid compositions, which are tailored to their specialized tasks [1, 2] . In the case of mitochondrial membranes, the bulk of the lipid matrix is composed of phospholipids [3] , which are primarily responsible for determining the biochemical and biophysical properties of the membrane.
Phospholipids can assume different structures in an aqueous environment depending on their overall shape. For example, when the area of the cross-section of the lipid head group is similar to the area of the cross-section of the acyl chains, the phospholipid has a cylindrical shape (Fig. 1) , as in the case of the most abundant mitochondrial membrane phospholipid, phosphatidylcholine (PC). These phospholipids aggregate to form a bilayer by self-assembling into a liquid crystalline lamellar phase ( Fig. 1) [4, 5] . On the other hand, when the cross-sectional area of the phospholipid head group is smaller than the cross-sectional area of its acyl chains, the phospholipids have a conical shape (Fig. 1 ). These conical-shaped phospholipids have the propensity to aggregate into nonbilayer structures such as the inverted hexagonal phase (H II ) (Fig. 1) . Phosphatidylethanolamine (PE), the second most abundant mitochondrial phospholipid, is an example of this nonbilayer class of phospholipids [4, 5] . The overall shape of phospholipids is also influenced by environmental parameters such as pH, salt concentration, temperature, and the presence of divalent cations [5] . Accordingly, cardiolipin (CL), a mitochondria-specific phospholipid, acquires a conical shape in the presence of divalent cations and thus promotes nonbilayer structures.
Typically, the lipids in biomembranes are organized into bilayers despite the presence of the nonbilayer phospholipids, raising questions about their role in membrane structure. Nonbilayer phospholipids, by virtue of their shape, are proposed to form local, transient structures that are thought to play an important role in vital cellular processes, such as membrane fusion, vesicle formation, and cell division [4] . Apart from these processes, nonbilayer phospholipids impact membrane function by influencing the bulk properties of membranes, which in turn affect the insertion, folding, and function of certain integral membrane proteins [5, 6] . Thus, it is necessary to consider the physical properties of membrane lipids to understand the molecular basis of membrane protein structure, function, and biogenesis.
In this article, we will summarize the recent findings that highlight distinct roles of nonbilayer phospholipids in the maintenance of mitochondrial structural and functional homeostasis by regulating different processes that include mitochondrial dynamics and bioenergetics. We will mainly focus on the specific roles of the nonbilayer-forming phospholipids PE and CL, which together constitute almost 40% of all mitochondrial membrane phospholipids and have been shown to be the key determinants of mitochondrial structure and function. We will discuss both the biosynthetic pathways and regulation of PE and CL as well as highlight the latest discoveries of protein complexes involved in inter-and intraorganellar phospholipid trafficking.
Mitochondrial membrane phospholipid composition
Mitochondria contain all the major classes of phospholipids including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidic acid (PA) [3] . In addition to these ubiquitous phospholipids, mitochondria contain cardiolipin (CL), an evolutionarily conserved dimeric phospholipid that is specifically found in this organelle [3] . Owing to their large head group PC, PI, and PS have a cylindrical shape, which promotes bilayer formation. On the other hand, the conically shaped phospholipids PE, CL, and PA impose negative curvature stress on the membrane, which increases its tendency to form nonbilayer structures [1] . The ratio of bilayer to nonbilayer phospholipids in the mitochondria is roughly equal and highly conserved across eukaryotic organisms (Fig. 2) , suggesting its importance for mitochondrial structure and function [7] . Compared to other subcellular membranes, the mitochondrial inner membrane is highly enriched in nonbilayer-forming phospholipids [8] . Thus, the mitochondrial inner membrane represents an excellent system to dissect the role of nonbilayer phospholipids in membrane structure and dynamics.
Phospholipids make up 75-95% of total mitochondrial membrane lipids in yeast and higher eukaryotes [7] . Within the mitochondrial phospholipid milieu, PC, PE, and CL together make up~90% of total phospholipids while the less abundant PI, PS, and PA make up the rest ( Fig. 2A) [3, 7, 8] . In Saccharomyces cerevisiae, PC is the most abundant phospholipid, comprising~45% of all mitochondrial phospholipids, followed by PE, which comprises~25% of total mitochondrial phospholipids. CL is found almost exclusively in mitochondria and constitutes~15% of total mitochondrial phospholipids [9] . The phospholipid composition of the outer mitochondrial membrane (OMM) is significantly different from that of the inner mitochondrial membrane (IMM) (Fig. 2B) . In yeast, PC comprises~50% and~40% of all phospholipids in the OMM and IMM, respectively, whereas PE and CL are enriched in the IMM (Fig. 2B) [3, 8] . Furthermore, phospholipids are not evenly distributed across the lipid bilayer leaflets of the mitochondrial membranes, but are instead arranged asymmetrically. For example, in yeast, 76% of total PE is found on the inner leaflet of the OMM facing the intermembrane space (IMS) [10] . In the case of rat liver mitochondria, the majority of PE and CL in the OMM are found in the cytosolic leaflet, whereas PI and PS are preferentially oriented toward the IMS [11] . Data from the mammalian system indicate asymmetric phospholipid distribution in the IMM leaflets as well, with specific enrichment of PI and CL in the matrix-facing leaflet of the IMM [3] . A number of earlier studies reported tissue-specific and method-specific differences in the asymmetric distribution of phospholipids within the IMM of mammalian cells [12, 13] . Regardless of these discrepancies, the unique composition and asymmetric phospholipid distribution of the mitochondrial membranes suggests a specialized physiological role of phospholipids.
The mitochondrial phospholipid composition of yeast varies with growth conditions and growth media (Table 1) [9, 14, 15] . Typically, the levels of the mitochondrial nonbilayer phospholipids PE and CL are increased when yeast are cultured in a nonfermentable carbon source like lactate (Table 1) [9, 15] . The increased levels of nonbilayer phospholipids in nonfermentable growth conditions correlate with increased biogenesis of MRC components, reflecting their specific requirement for respiration. It is also important to keep in mind that complex media containing yeast extract consists of a number of soluble lipid precursors, including ethanolamine (Etn), choline, and inositol. These phospholipid precursors are incorporated into cells and contribute to phospholipid biosynthesis via alternate pathways, masking any defects caused by mutations in genes encoding core phospholipid biosynthetic pathways [15, 16] . Mitochondrial phospholipid composition is evolutionarily conserved. Data are taken from [7, 8] . (B) Mitochondrial phospholipid composition of the outer mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM) of yeast mitochondria. Data are taken from [8] . PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE, phosphatidylethanolamine; CL, cardiolipin; PA, phosphatidic acid; IMS, intermembrane space.
Biosynthetic and trafficking pathways of CL and PE
The CL biosynthesis takes place exclusively in mitochondria from the PA imported from ER (Fig. 3) . The mechanism by which PA is imported from the ER to the OMM is not known, however, the transport of PA from the OMM to the IMM has been shown to be carried out by the IMS protein Ups1 (Fig. 3) [17] . The enzymes of the CL biosynthetic pathway are localized to the IMM. Tam41 mediates the first reaction of the CL biosynthetic pathway by catalyzing the conversion of PA to CDP-diacyl glycerol (CDP-DAG) [18] . In the subsequent steps, CDP-DAG is converted to nascent Table 1 . Mitochondrial phospholipid levels of the yeast Saccharomyces cerevisiae cultured in different growth media. Phospholipid levels are expressed as percentage (%) of total phospholipid. The data for YPD and YPLactate have been taken from [9] . The data for SCLactate have been taken from [15] 34] , acylation of lyso-PE [35] , and by the cytidine diphosphate-ethanolamine (CDP-Etn) branch of the Kennedy pathway (Fig. 3 ) [36] . An IMM-associated phosphatidylserine decarboxylase 1 (Psd1) that has its active site exposed to IMS catalyzes the biosynthesis of PE by decarboxylation of PS [37] . Because PS is synthesized in the endoplasmic reticulum (ER), it has to be transported to the IMM to be accessible to the active site of Psd1. Recent studies have identified a protein complex comprised of Ups2 and Mdm35 in the mitochondrial IMS that is involved in PS transport from the OMM to the IMM (Fig. 3) [38, 39] . Interestingly, it was also shown that Psd1 localized to the IMM can work in trans by decarboxylating PS present in the OMM, obviating the requirement of Ups2-Mdm35 for PE biosynthesis in the mitochondria [39] .
For Psd1 to act on PS in the OMM, a close apposition of the OMM and IMM is required, which is achieved by MICOS [39] . While the mitochondrial PE biosynthesis pathway is the primary source of cellular PE, a second yeast-specific phosphatidylserine decarboxylase 2 (Psd2) found in an endosomal compartment also contributes to the cellular PE content, albeit only to a lesser extent (Fig. 3) [34, 40] .
In addition to these de novo biosynthetic pathways, PE can be synthesized from its precursor, Etn, through the Kennedy pathway enzymes that are localized in the cytosol and ER compartments (Fig. 3) [36, 41] . Exogenously added Etn is converted to PE by three sequential reactions catalyzed by the enzymes ethanolamine kinase (Eki1), ethanolamine-phosphate cytidylyltransferase (Ect1), and ethanolamine phosphotransferase (Ept1), respectively ( Fig. 3 ). Another route of PE biosynthesis is through the acylation of lyso-PE, catalyzed by the acyl-CoA-dependent acyltransferase Ale1, in the mitochondria-associated membranes [35] . The contribution of this pathway toward cellular PE under basal conditions remains to be elucidated. A functional difference between PE produced by the mitochondrial and Kennedy pathways can be presumed from the observation that each pathway is essential in mammals, as shown by the embryonic lethality of the knockouts of mouse homologs of PSD1 (PISD) and ECT1 (PCYT2) [42, 43] . Moreover, each pathway preferentially generates PE with different acyl species, implying their compartment-specific roles, although rapid equilibration between PE formed in the ER with that of mitochondria was observed [44] .
The ability of extramitochondrial PE to functionally substitute for the lack of mitochondrial PE has long been debated [41, 45] . Recently, our group showed that in yeast, nonmitochondrial PE biosynthesized via the Kennedy pathway is transported to mitochondria, where it functionally compensates for the loss of mitochondrial PE biosynthesis [15] . This finding implies the existence of mitochondrial PE import machinery. However, the molecular players of this mitochondrial PE import pathway are currently unknown. Membrane contact sites between mitochondria and the ER [46] or mitochondria and vacuoles [47, 48] have been suggested to play a role in transport of lipids between these organelles. The contact sites between the ER and mitochondria, termed Endoplasmic Reticulum-Mitochondria Encounter Structure (ERMES) (46) , form an ER-mitochondria tether, but ERMES's role in phospholipid transport remains controversial [49] . Our own work has shown that deletion of the subunits of the ERMES complex in psd1D yeast cells did not stop Kennedy pathway synthesized PE from being imported into the mitochondria, thus ruling out ERMES as potential PE import machinery [15] . The vacuole-mitochondria tethering complex, termed vacuole and mitochondria patch (vCLAMP), provides a molecular basis of communication between the mitochondria and vacuoles [47, 48] . It has been suggested that vCLAMP might facilitate lipid transport between vacuoles and mitochondria, but this has not been rigorously tested.
Regulation of CL and PE levels in the mitochondria
The steady-state levels of CL and PE in mitochondrial membranes are regulated by the combined activities of biosynthetic, trafficking, and degrading enzymes. As described above, the molecular identities of biosynthetic and trafficking proteins in the CL and PE pathways are known, but the same cannot be said for the enzymes involved in the turnover of these phospholipids. Therefore, the regulation of CL and PE levels has been mostly studied from the perspective of biosynthesis and trafficking. A number of factors govern the expression and activity of CL biosynthetic enzymes. For example, expression and activity of Crd1 is regulated by mitochondrial biogenesis factors, including the carbon source, growth phase, the presence of mitochondrial DNA, and functionality of the MRC [50, 51] . In each case, factors that promote mitochondrial biogenesis stimulate expression and activity of Crd1 and other enzymes of this pathway. One unique mode of regulation reported for Crd1 is its response to mitochondrial matrix pH, such that an alkaline pH stimulates Crd1 activity [52] . An increase in matrix pH is expected in respiring mitochondria, as protons are being pumped out of the matrix into the IMS. Thus, CL biosynthesis is co-ordinately regulated with mitochondrial energy production.
In addition to mitochondrial biogenesis factors, inositol, a phospholipid precursor, regulates the activity of a rate-limiting enzyme of the CL biosynthetic pathway, Pgs1, by phosphorylation [53] . Inositolinduced phosphorylation of Pgs1 reduces its activity by 50% [53] . However, the identity of the kinase mediating the phosphorylation and the physiological relevance of this observation has not been determined. More importantly, the effect of inositol on steady-state levels of CL has also not been determined. Nascent CL undergoes rapid remodeling by Taz1 so that its substrate MLCL does not accumulate in wildtype cells, and only deletion of Taz1 leads to the accumulation of MLCL. Schlame and colleagues sought to explain the mechanism underlying MLCL accumulation in TAZ-deficient cells [54] . Their work led to an interesting finding that MLCL accumulation is observed when there is an increased turnover of CL, implying that MLCL is formed during CL degradation. In an elegant study, they showed that CL turnover is slower than other phospholipids due to its sequestration by supercomplexes in the mitochondrial membranes. Thus, enhanced supercomplex assembly decreased both the turnover of CL and the concentration of MLCL. In TAZ-deficient cells where MRC supercomplexes are destabilized, CL is subjected to rapid turnover with the accumulation of MLCL.
Phosphatidylethanolamine levels in mitochondria are regulated by PS import, Psd1 activity, and PE export pathways. The biochemical pathway by which PE is exported from the mitochondria is currently unknown. It would be expected that blocking the PE export pathway would elevate mitochondrial PE levels. Interestingly, mitochondria can also import PE synthesized via the Etn-Kennedy pathway or the Psd2 pathway (Fig. 3) . The relative contribution of each of these pathways to mitochondrial PE levels is relatively minor [41] unless the Etn-Kennedy pathway is stimulated by addition of exogenous Etn [15] . Finally, the maturation and activation of Psd1 in mitochondria has been shown to involve multiple proteolytic processes involving autocatalysis and mitochondrial proteases that include Oxa1 and Yme1 [55] . Indeed, deletion of Oxa1 has been shown to decrease mitochondrial PE levels [55] . Psd1 activity has also been shown to be growth phase dependent, with maximum activity in cells entering the stationary phase [56] . Similar to biosynthetic regulation of CL, the phospholipid precursor inositol has been shown to supress Psd1 expression [57] . Thus, perturbation in Psd1 maturation or expression leads to a decrease in mitochondrial PE levels [58] .
Another mode of maintaining mitochondrial CL and PE levels is by regulating the transport of their phospholipid precursors, PA and PS, respectively, from the ER to their biosynthetic machinery localized to the IMM. A number of key transport proteins in this process were discovered by an unbiased genomewide yeast screen designed to understand the function of prohibitins, multimeric protein complexes of mitochondrial membranes with a proposed role in cell proliferation and cristae morphogenesis [59] . The screen identified a set of genes termed Genetic interactors of Prohibitins (GEP) that were involved in regulating the levels of CL, PE, or both. Biochemical investigations on the role of GEP proteins led to the discovery of Ups1, an IMS protein that was shown to be required for PA transport from the OMM to the IMM [17] . The loss of Ups1 leads to decreased CL levels [17] .
However, deletion of UPS1 does not completely abrogate CL biosynthesis, suggesting alternative modes of PA transport to the IMM. Ups2, also known as Gep1, another IMS protein, was recently shown to be involved in PS transport from the OMM to the IMM, such that deletion of UPS2 would result in reduced mitochondrial PE levels [38, 39] . Interestingly, both Ups1 and Ups2 work in conjunction with Mdm35 in the IMS to facilitate PA and PS transport, respectively. In addition to these proteins, the same screen also identified a number of GEP proteins, including the ERMES components that regulate PE and/or CL levels in mitochondrial membranes [59] . The precise biochemical function of some of these GEP proteins in the regulation of mitochondrial nonbilayer phospholipids is yet to be delineated.
Analysis of phospholipid profiles of psd1D, crd1D, and pem2D cells showed that loss of one phospholipid is compensated by an increase in absolute amount of other phospholipids such that the overall phospholipid content of mitochondria and cells is maintained at a constant level [15] . For example, depletion of PE in psd1D is always accompanied by an elevation in the levels of PC, whereas loss of CL in crd1D is accompanied by increased PE and PG levels [15, 60] . Currently, the molecular basis for homeostatic mechanisms that strictly maintain mitochondrial phospholipid levels remains unknown. Such homeostatic mechanisms could either involve a 'sensor' protein or could simply be explained by feedback inhibition of phospholipid biosynthetic enzymes. Future research will be needed to distinguish between these possibilities. The coordinate regulation of mitochondrial CL and PE levels suggests that a critical amount of these nonbilayerforming phospholipids is required for mitochondrial function.
Role of CL in mitochondrial structure and function
The availability of CL deficient cells in different model systems, including yeast, fly, mouse, and human patient cell lines, has proved invaluable in uncovering the role of CL in mitochondrial function in different organisms [21, [61] [62] [63] . Below we provide key examples from the studies performed using these model systems as well as in vitro experiments showing how CL influences various aspects of mitochondrial structure and function. CL can impact mitochondrial function either through specific molecular interactions between itself and target proteins or by modulating the bulk properties of membranes due to its propensity to form nonbilayer structures. While in many cases it is hard to distinguish between these two possibilities, we have highlighted the instances where strong evidence for one or the other exists.
Role of CL in mitochondrial inner membrane architecture
The IMM can be divided into two distinct regionsthe inner boundary membrane, which runs parallel to the OMM, and the cristae, tube-like invaginations of the IMM that project into the matrix [64] . While cristae architecture is variable and depends on the energetic state of the organelle, the overall structure of cristae is very much conserved-a dome-shaped tip caps the tubular cristae [64] . The enrichment of nonbilayer lipids in the negatively curved monolayer leaflet facing the cristae lumen would favor dome-shaped tip formation and makes for a compelling argument for the asymmetric distribution of IMM phospholipids. But are the nonbilayer phospholipids necessary to produce this distinctive cristae architecture? This question can be answered by electron microscopic observations of mitochondrial ultrastructure from CL-and PE-deficient mitochondria. Interestingly, in the yeast model, the loss of CL seems to have a very small effect on cristae length and the gross mitochondrial ultra structure [65] (W. Basu Ball, unpublished results). However, disruption of CL remodeling in a Drosophila model of Barth syndrome (BTHS) resulted in structurally abnormal mitochondria with hyperdense cristae that formed swirls, curls, or rings [61] . Similarly, enlarged mitochondria with abnormal, circularly stacked cristae were observed in BTHS patient cardiac cells [66] and in the muscle of a murine model of BTHS [62] . These findings support a critical role of CL in cristae architecture. In contrast, our own work has shown that the gross mitochondrial ultra structure in the yeast mutants of PE, PC, and CL biosynthesis is highly resistant to perturbations in mitochondrial phospholipid composition [15] (W. Basu Ball unpublished results). One possible explanation of this divergent observation between different species is that CL deficient yeast accumulates PG and PE, which may compensate for CL [14] . In support of this argument, the loss of both CL and PG in yeast pgs1D cells results in aberrant mitochondria containing ring-like cristae, which are reminiscent of the MICOS mutants [17] . It has also been shown that CL is required for the assembly of the MICOS subcomplex, thus it may mediate its impact on mitochondrial architecture in part via its effect on assembly of the MICOS subcomplex [67] . Notably, the loss of PE is not compensated for by an increase in CL in psd1D cells, yet they exhibit typical cristae morphology, albeit with reduced cristae length [15] . To conclusively determine the role of nonbilayerforming phospholipids in cristae architecture a psd1Dcrd1D double mutant would be required. However, this mutant is lethal [60] ; therefore, it can only be useful when the levels of mitochondrial PE and or CL in this mutant can be exogenously controlled, as has been previously demonstrated [68] .
Role of CL in mitochondrial membrane dynamics
Although bilayer-forming PC accounts for~50% of the phospholipids in the membranes, the inclusion of nonbilayer-forming phospholipids like CL in bilayers imposes a curvature stress onto the membrane, which facilitates budding, fission and fusion. Thus, these biophysical properties of CL have the potential to impact mitochondrial membrane dynamics. Consistent with its biophysical characteristics, CL is critical for fusion of the inner membrane via its interaction with the dynamin-related protein OPA1, a GTPase, which mediates inner membrane fusion. A recent study has shown that the membrane fusion of OPA1-containing liposomes is dependent on the presence and abundance of CL [69] . In this elegant study, the authors demonstrated that when donor and acceptor liposomes containing high concentrations of CL (~25% of total phospholipids) and Opa1 are mixed, maximum lipid mixing and membrane fusion is observed. In trials when both the liposome partners either lack Opa1 machinery or contain only a minimal amount of CL, no membrane fusion was observed. Interestingly, in this experimental set up, the presence of Opa1 in one fusion partner and high CL levels in the other is sufficient for membrane fusion. Thus, besides defining the minimal fusion machinery, these results suggest that a critical level of CL alone primes the membrane for fusion. This finding is an important advancement in our understanding of membrane fusion because, in contrast to previously reported fusion mechanisms, no transprotein complexes for membrane tethering are required. Furthermore, the authors went on to show that the acyl chain length and saturation of CL also influences membrane fusion, with longer length and higher unsaturation enhancing fusion. These in vitro findings were confirmed in vivo using mitochondria from OPA1 and CLS1 (cardiolipin synthase) knockdown HeLa cells. The yeast homolog of OPA1, Mgm1, also requires CL for dimerization and activation of its GTPase activity for membrane fusion [70] . However, unlike OPA1, Mgm1 works in trans [70] . Thus, the role of CL in mitochondrial fusion appears to be evolutionarily conserved.
The most obvious role for CL in the fission pathway involves Drp1, the protein that directly mediates the fission process. CL has been shown to mediate both Drp1 recruitment to membrane surfaces and to activate Drp1's GTPase activity through protein-lipid interactions [71, 72] . A recent study by Stepanyants et al., [73] showed that Drp1 and CL function cooperatively in effecting fission in three distinct steps. First Drp1 preferentially associates with CL localized at a high spatial density in the membrane bilayer. Second, CL molecules reorganize around Drp1. Third, Drp1 promotes phase transition of CL containing membranes from a lamellar, bilayer arrangement to an inverted hexagonal, nonbilayer configuration resulting in the creation of localized membrane constrictions that are primed for fission [73] . On the other hand phosphatidic acid (PA), a relatively minor nonbilayer constituent of the mitochondrial membranes, has recently been shown to be a negative regulator of mitochondrial fission [74] . In this elegant work, Adachi et al., showed that Drp1 interacts with the head group of saturated PA in the OMM. Drp1 finds PA in the OMM by physically interacting with mitochondrial phospholipase D (MitoPLD), an enzyme that catalyses the formation of PA from CL. The interaction of Drp1 with MitoPLD places it in PA rich membrane microdomains. Once bound to the PA head group, the GTPase activity of Drp1 is inhibited, which in turn prevents mitochondrial division [74] . Thus, two nonbilayer phospholipids of mitochondria, PA and CL, antagonistically regulate mitochondrial fission by differentially interacting with Drp1 GTPase. Taken together, mitochondrial membrane fusion and fission are modulated by local nonbilayer phospholipid concentrations and are likely dependent on both specific phospholipid:protein interactions as well as curvature stress induced by the promotion of local nonbilayer structures.
Role of CL in mitochondrial bioenergetics
The exclusive presence of CL within membranes associated with energy transduction reactions suggests an intimate association of CL with bioenergetics. The most striking evidence for the role of CL in influencing mitochondrial bioenergetics comes from the studies involving respiratory supercomplexes in yeast and mammals. The individual components of mitochondrial respiratory chain (MRC) complexes assemble into supramolecular structures called supercomplexes. These respiratory supercomplexes are proposed to stabilize individual MRC complexes, minimize the generation of reactive oxygen species, and enhance catalytic efficiency by substrate channeling [75] . In mammals, complex I, III, and IV assemble in different stoichiometries to form 'respirasomes' [76] [77] [78] . In the yeast S. cerevisiae, which lack complex I, the respiratory supercomplexes are composed of complex III and IV assembled in different stoichiometries-III 2 IV 2 (large supercomplex) and III 2 IV 1 (small supercomplex) [76] . CL has been shown to stabilize the respiratory supercomplexes in both yeast and mammals [79] [80] [81] . Structural studies with purified yeast and bovine MRC supercomplexes employing cryoelectron microscopy have estimated the presence of 50 and 200 molecules of CL in yeast and bovine MRC supercomplexes, respectively [82, 83] . The most direct evidence for the role of CL in MRC supercomplex formation comes from an in vitro reconstitution experiment with the purified yeast complexes, which showed that supercomplex formation specifically required the presence of CL in liposomes [84] . These data together suggest that specific molecular interactions of CL with the MRC proteins are essential for the supramolecular assembly of the MRC.
Apart from maintaining the overall structural integrity of the MRC supercomplexes, CL has been shown to directly interact with individual MRC complexes and influence their activities. Previous studies have shown reduced MRC complex III activity in BTHS patient mitochondria [85] and diminished complex IV activity in yeast crd1D cells [79] , although this could be due to reduced expression of the MRC components, as has been shown in yeast cells devoid of both CL and PG [86] . The presence of CL is observed in the cryoelectron microscopic structures of complex III and complex IV [82, 83] , and the topology of CL in complex III and IV suggests that it is required for proton conductance [87] [88] [89] . Although CL has never been associated with complex II previously, in a recent study complex II subunits reconstituted on phospholipid nanodiscs were shown to require CL for assembly and activity [90] . These interactions of CL with MRC complexes define the role of CL in regulating mitochondrial bioenergetics. The physiological consequences of the loss of CL and, therefore, CL-MRC interactions, have been studied by classical bioenergetics experiments utilizing mitochondria isolated from CL-deficient crd1D and taz1D yeast cells [91] [92] [93] . Mitochondria from CL-deficient cells show reduced energetic coupling (i.e., decreased ATP formation per molecule of oxygen consumed). This phenotype is exacerbated during high respiratory rates and by temperature and osmotic stress [91, 92] . Consistent with these observations in the yeast system, ATP levels are reduced in TAZ-deficient cardiac fibroblasts [94] .
Consistent with its role in maintaining MRC assembly and activity, CL-deficient mitochondria exhibit diminished mitochondrial membrane potential [95] .
In addition to directly influencing assembly and activity of the MRC complexes, CL has also been shown to modulate the activities of a number of IMM carrier proteins. We refer readers to a more detailed review on specific interactions of CL with mitochondrial integral membrane proteins published recently [96] . Here, we provide key examples of specific interactions of CL with mitochondrial integral membrane proteins that may indirectly influence mitochondrial bioenergetics. The ADP/ATP carrier (AAC) mediates transport of ATP from the matrix to the IMS in exchange for ADP, and the activity of this protein requires tetralinoleoyl-CL. This species of CL cannot be replaced by either other species of CL or other phospholipids, emphasizing the requirement for specific molecular interactions between tetralinoleoyl-CL and AAC [97] . The absence of CL destabilizes AAC complex and its interaction with MRC supercomplexes, reducing the efficiency of mitochondrial ATP synthesis and its transport outside of mitochondria [98] . A recent study has uncovered a role of CL in acetyl CoA biosynthesis via possible interaction with OMM localized acetyl CoA synthetase [99] . Interestingly, CL deficiency also leads to defects in mitochondrial protein import pathways. CL has been shown to be involved in the proper functioning of the mitochondrial translocase of outer membrane (TOM) and sorting and assembly machinery (SAM), compromising the efficient import of cytoplasmic proteins to mitochondria [100] . CL also impacts the translocation of proteins across the IMM via translocase of the inner membrane (Tim23) and the presequence translocaseassociated motor (PAM) protein. A decrease in CL, caused by the loss of Ups1, alters the conformation of Tim23, reducing its functional interaction with PAM and thereby decreasing mitochondrial protein import [101] . Additionally, reduced membrane potential observed in CL-deficient cells also contributes to decreased mitochondrial protein import [95] . Details on how CL impacts mitochondrial protein import have been recently reviewed [102] .
Role of CL in mitophagy
A number of studies have demonstrated the importance of mitochondrial CL in influencing the mitochondrial quality control process through mitophagy, a selective degradation of mitochondria through autophagy. In an elegant study, Chu and colleagues showed that externalization of CL to the OMM of neurons serves as a signal for mitophagy to eliminate damaged mitochondria [103] . They further showed that CL on the OMM is recognized by microtubuleasociated protein-1 light chain 3 (LC3), which promotes engulfment of mitochondria by the autophagic system. The role of CL in mitophagy is likely dependent on its specific interaction with LC3, which has CL binding sites required for mediating mitochondrial degradation by mitophagy [103, 104] . A more recent study has identified the surprising role of nucleoside diphosphate kinase D, an IMS protein, in transport of CL from the IMM to the OMM, priming mitochondria for mitophagy [105] . Consistent with these observations, a decrease in CL in TAZ-deficient primary mouse embryonic fibroblasts, resulted in defective mitophagosome biogenesis [106] . This finding provides new insights into the possible role of mitophagy in BTHS disease pathogenesis and suggests that pharmacological stimulation of mitophagy may ameliorate this disease condition. The role of CL in mitophagy appears to be conserved because a recent study showed that CL deficiency perturbs mitophagy in yeast cells via decreased activation of protein kinase c pathway [107] .
Thus, genetic studies in different model systems have uncovered important mechanisms underlying mitochondrial dysfunction and disease pathologies associated with CL depletion. Going forward, developing a physiologically relevant small molecule that can promote supercomplex formation, increase MRC complex activities, and curb mitochondrial oxidative stress will be required to ameliorate CL-associated mitochondrial dysfunction. Toward this goal, novel approaches and promising compounds have emerged [108] .
Role of PE in mitochondrial structure and function
Phosphatidylethanolamine is an ancient and ubiquitous phospholipid that is present in all membranes of the cell. Unlike CL, the specific role of PE in mitochondrial structure and function has not been examined until recently. This is because multiple biochemical pathways can synthesize PE and deletion of the mitochondrial pathway of PE alone is not sufficient to completely deplete mitochondrial PE levels [109] . Furthermore, PE has an essential role in cell growth independent of its ability to form nonbilayer structures [110] . Therefore, it is not feasible to construct a yeast strain completely lacking PE. Thus, yeast psd1D cells, which are unable to synthesize mitochondrial PE, are the best possible model system to investigate the role of PE in mitochondrial function.
However, when cultured in glucose-containing growth medium, this mutant exhibits a rapid loss of mitochondrial DNA, confounding the interpretation of its role in specific aspects of mitochondrial function [15, 41] . The loss of mitochondrial DNA would disrupt multiple complexes of the MRC, which would mask a subtler role of PE in mitochondrial bioenergetics. In a mouse model, it was shown that loss of the mammalian homolog of PSD1, termed PISD, results in embryonic lethality, preventing any biochemical or physiological studies on PE-deficient mammalian mitochondria [42] . This limitation was overcome by using RNAi silencing of PISD [111] . In the case of yeast, the loss of mitochondrial DNA can be overcome by using a defined synthetic growth media with a nonfermentable carbon source. Both of these strategies were employed recently in uncovering the role of mitochondrial PE. Below, we discuss key findings from these studies and refer readers to recent reviews for a more detailed description of the role of PE in cellular physiology [56, 58] .
Role of PE in mitochondrial ultrastructure
Mitochondrial ultrastructure in PE-deficient mitochondria has been determined in both yeast and mammalian cell lines. Like CL, in psd1D yeast cells mitochondrial ultrastructure was largely unperturbed even with an almost fivefold reduction in mitochondrial PE levels [15] , although this reduction in PE levels was associated with a small but significant decrease in cristae length [15] . In PISD knockdown mammalian CHO-K1 cells, the reduction in mitochondrial PE levels was associated with a more pronounced increase in aberrant mitochondria, which were more rounded and swollen compared to the control mitochondria [111] . The apparent discrepancy between yeast and higher eukaryotic cells could be due to the ability of yeast cells to alter their phospholipid composition in order to maintain optimal intrinsic membrane curvature. For example, the loss of mitochondrial PE is accompanied by an increase in PC levels and viceversa, such that the overall phospholipid content of mitochondria remains unaltered [15] . The alteration in phospholipid content in phospholipid mutants is typically accompanied by changes in the fatty acyl species, such that the intrinsic membrane curvature is maintained. For example, it was previously shown that the depletion of bilayer-forming PC in yeast cells results in PE molecules with shorter and more saturated acyl chains, increasing its bilayer-forming propensity. This molecular adaptation maintains intrinsic membrane curvature in an optimal range [112] . Therefore, it would not be surprising to find that phospholipid species in PE-deficient cells have a different fatty acid composition that has a higher propensity to form nonbilayer structures.
Role of PE in mitochondrial dynamics
Mitochondria are dynamic organelles that frequently fuse and divide to maintain their function and morphology. As mentioned previously, members of the dynamin-like GTPase protein family mediate mitochondrial fission and fusion. IMM fusion involves OPA1 in mammals and its homolog, Mgm1, in yeast. Light microscopy-based studies on psd1D yeast cells have shown increased accumulation of both fragmented and aggregated mitochondria, suggesting defects in mitochondrial dynamics [45] . Further analysis of these mitochondria revealed a defect in fusion. The molecular basis for this observation was traced to a decrease in s-Mgm1, a short isoform of Mgm1, in psd1D yeast cells [59, 68] . How exactly PE impacts Mgm1 processing remains to be elucidated, although this relationship appears to be PE-specific and unrelated to its propensity to form nonbilayer structures because Mgm1 processing is unaltered in CL-deficient mitochondria. The role of PE in membrane fusion is also supported by in vitro experiments that demonstrate decreased rates of lipid mixing in protein-free liposomes that mimic mitochondrial membranes with reduced PE levels [45] . Interestingly, a yeast mutant with the combined loss of PE and CL exhibited highly fragmented mitochondria, loss of mitochondrial DNA, and reduced membrane potential, which is characteristic of fusion mutants [68] . Remarkably, deletion of the fission promoting protein Dnm1 in this mutant restored the tubular mitochondrial morphology. These results suggest that PE has an important role in maintaining mitochondrial dynamics that becomes essential in the absence of CL. Based on these findings it can be assumed that PE, in addition to its specific role in Mgm1 processing, has an additional role as a nonbilayer promoting phospholipid in mitochondrial dynamics. Another example of the role PE and CL play in mitochondrial fission comes from a yeast genetic study on Mdm33, a protein essential for normal mitochondrial structure. Defective mitochondrial fission with a concomitant decrease in PE and CL levels is observed in Mdm33-overexpressing cells [113] . Furthermore, strong genetic interactions were reported between Mdm33, phospholipid biosynthetic genes, and prohibitin genes, indicating a complex genetic network that maintains mitochondrial architecture by regulating fusion and fission machinery [113] .
Role of PE in mitochondrial bioenergetics
The identification and characterization of the yeast PSD1 provided the first clue for the requirement of PE in MRC function [33] . The psd1D cells exhibited impaired growth in nonfermentable growth medium and showed increased petite formation, a hallmark of MRC dysfunction in yeast [33, 41] . While these phenotypes of psd1D cells were reported over two decades ago, the biochemical basis for MRC dysfunction in PE-depleted mitochondria has only been recently investigated. The decreased growth of psd1D cells in nonfermentable media has been attributed to reduced respiration and a decrease in ATP levels caused by a reduction in MRC complex III and IV activities [15, 114] . While these findings were consistent between three independent groups, there is less consensus on the role of PE in MRC supercomplex formation. One of the reports suggested that mitochondrial PE deficiency leads to larger oligomeric assembly of MRC supercomplexes [114] , whereas another report suggested that PE deficiency neither promotes higher order MRC complexes nor perturbs MRC supercomplex assembly [15] . Notably, neither study reported a loss of supercomplex formation in PE-deficient cells, highlighting a specific requirement of CL for supercomplex formation. Furthermore, it was shown that a decrease in the bilayer-forming PC did not disrupt supercomplex formation but rather shifted the supercomplex distribution toward the larger form [15] . Consistent with the role of PE in MRC function in yeast, depletion of mitochondrial PE in Arabidopsis thaliana resulted in decreased respiration and decreased complex IV activity without any alteration in individual MRC subunit levels, suggesting a specific role of PE in the catalytic activity of MRC complexes [115] . PE requirement for the optimal activity of complex IV could be explained from its crystal structure analysis. The crystal structure of complex IV from bovine heart identified a number of phospholipids, with PE being one of the most abundant, suggesting its possible role in enzyme catalysis [116] . PE has been shown to act as a molecular chaperone that guides the topology of integral membrane proteins in bacteria [117]; however, this phenomenon has not been demonstrated in eukaryotic cells. Because mitochondrial structure and function of PE-deficient mitochondria is not grossly affected, it is unlikely that PE will have a wide spread effect on the membrane topology of multiple mitochondrial proteins.
Consistent with yeast psd1D cells, inhibition of mitochondrial PE biosynthesis in mammalian cell lines by RNAi based knockdown of PISD resulted in reduced respiration, decreased ATP production, and diminished activities of MRC complexes [111] . The abundance of respiratory chain supercomplexes in PE-depleted CHO cells was reduced, likely due to an overall reduction in subunits of individual complexes [111] . An interesting role of PE in hepatocyte mitochondrial membranes has been proposed for glucose metabolism and oxidative phosphorylation in mouse liver, where about 20-30% of PC is synthesized by the methylation of PE via the enzymatic action of phosphatidylethanolamine methyltransferase (PEMT). The hepatocytes of pemt À/À mice have increased mitochondrial PE levels with concomitant increase in MRC complex IV activity, respiration, and ATP production [118] . This increase in respiratory function correlated with an increase in the mitochondrial PE to PC ratio. Although the molecular mechanism underlying the increase in mitochondrial function with an increased PE/PC ratio remained unclear, this study highlighted a novel mechanism of stimulating MRC function.
Role of PE in mitochondrial protein import
Phosphatidylethanolamine-deficient mitochondria are specifically impaired in the biogenesis of b-barrel proteins, but not a-helical proteins of the OMM [119] . PE mediates this effect by compromising the function of the protein import machinery of the OMM rather than affecting its stability. In PE-depleted mitochondria, the translocase of outer membrane (TOM) complex binds precursor proteins with reduced efficiency, affecting protein import at an early stage. Subsequent translocation of b-barrel precursors through the TOM complex into the IMS is also reduced in PE-depleted yeast cells. In addition, mitochondrial PE is also required for the import of IMM proteins [114] . The import of preproteins into and across the IMM through the translocases of the inner membrane (TIM) complexes (TIM22 and TIM23) is driven by the mitochondrial membrane potential across the IMM, which is generated by the optimal functioning of the MRC. Because MRC activity is reduced in psd1D yeast cells, the membrane potential is also reduced, resulting in mitochondrial protein import defects [114] . Interestingly, the mitochondrial protein import defect is not specific to the nonbilayer-forming phospholipids. A recent report has shown that a depletion in PC levels impairs mitochondrial protein import by destabilization of TIM23 
Conclusions and perspectives
The emerging picture of the role of phospholipids is that of specific requirements of the nonbilayer-forming phospholipids in mitochondrial membrane biogenesis. Any perturbation in the levels of these conical-shaped lipids decreases MRC function, whereas a decrease in bilayer-forming phospholipid is well tolerated. Moreover, even among the nonbilayer phospholipids, each phospholipid has been shown to have a specific role, with PE being required for the enzymatic activities of MRC complex III and IV and CL required for MRC supercomplex formation. Because the genomes of the majority of bacterial species do not contain PC biosynthetic enzymes yet harbor all the key components of the respiratory chain, it is not too surprising that the MRC has evolved to function without PC [121] . On the contrary, PE and CL are ubiquitously found across the prokaryotic kingdom. Thus, it is tempting to speculate that the MRC components have evolved with specific requirements for these nonbilayer-forming phospholipids. Interestingly, the balance between bilayer and nonbilayer phospholipids is tightly regulated in prokaryotes and has been shown to be essential for their viability [122] . Given their prokaryotic ancestry, it is not surprising that mitochondria have similar requirements for nonbilayer phospholipids. The nonbilayer phospholipids are known to stimulate the activity of both peripheral and integral membrane proteins by imposing curvature stress on the membrane. The curvature stress may act as a source of energy that influences binding of peripheral membrane proteins and provides energy for conformational changes of integral membrane proteins. Therefore, while elucidating the molecular mechanisms of particular functions of CL and PE, it is important to not only consider specific molecular interactions of these phospholipids with their protein partners but to also consider the possibility that they may be mediating their function by altering biophysical properties of the membrane such as curvature stress. In the same light, it would be interesting to see if nonbilayer phospholipids form membrane microdomains in the mitochondrial membranes akin to CL clusters observed in bacteria [123] . In fact, a model showing prohibitins as organizers of nonbilayer phospholipid clusters in the IMM has already been proposed, although experimental evidence for the same is lacking [59] . The discovery of a number of key intramitochondrial phospholipid-trafficking proteins has provided important targets to investigate the roles of individual phospholipids within mitochondrial subcompartments. However, key questions about how CL is trafficked to the OMM, how PE is exported from mitochondria, and how nonmitochondrial PE is imported into mitochondria are yet to be fully answered. Finally, understanding the homeostatic mechanism by which mitochondrial phospholipid composition is maintained will be a major breakthrough in understanding mitochondrial membrane biogenesis. 
